Composite resins were reinforced with glass and polyethylene fibers in this study, and the effect of fiber reinforcement on the color change of composite resins was investigated. After accelerated aging, the effect of fiber reinforcement on the color stability of composite resins was also examined. There were three experimental groups (n=12 disks per group): non-fiber-reinforced composite (non-FRC control), polyethylene fiber (Ribbond-THM)-reinforced composite, and glass fiber (everstick NET)-reinforced composite. According to the critical remarks of color change of National Bureau of Standarts (NSB), glass fiber-reinforced anterior composites showed trace color change and polyethylene-fiber reinforced composites showed slight color change before accelerated aging. After accelerated aging, both control and fiber-reinforced composite groups showed noticeable color change. It was concluded that both the types of fiber reinforcement and composite resin influenced the color change of fiber-reinforced composite resins.
INTRODUCTION
In esthetic dentistry, perfect color match between a prosthetic restoration and the natural teeth is a very important requirement 1) . Discoloration of tooth-colored dental composite materials is one of the most common reasons for the replacement of facings on removable or fixed partial dentures or fillings in esthetic areas 2) . There are extrinsic and intrinsic causes of tooth discoloration. Extrinsic discoloration is caused by plaque build-up and stain-producing foods and drinks [2] [3] [4] . For intrinsic discoloration, it is on the one hand associated with physico-chemical conditions such as UV irradiation, temperature fluctuations, and humidity [5] [6] [7] [8] . Physicochemical stresses induce surface and subsurface degradation in composites, propagating pre-existing defects and microcracks such that microvoids or interfacial gaps located at the filler-matrix interface become the penetration pathways for stains 4) . On the other hand, the chemical composition of composite resins -such as type and quantity of initiator, inhibitor, and filler-also contributes to intrinsic discoloration 5, 9, 10) . For esthetic restorations, the mechanical properties of composite resins are also an important factor to their clinical lifespan. Recent years have seen a dramatic increase in the use of fiber-reinforced composites (FRCs) for chairside periodontal splints 11) , fixed partial dentures 11) , post-core systems 12) , and orthodontic applications 13) . For direct or indirect restorations such as composite inlays 14) and laminate veneers 15) , insertion of an intermediate FRC layer/substructure at the interface was found to reduce microleakage and increase fracture resistance.
Materials such as Kevlar, carbon, glass, polyethylene, and silane-treated glass have been used to provide fiber reinforcement with varying degrees of success 16) . Amongst which, polyethylene fibers have a modulus of elasticity similar to that of dentin 17) . It was also reported that incorporation of continuous glass fibers in denture base polymers increased their flexural strength 18) . Many studies have shown that long-term water storage 9, 19, 20) or accelerated aging 3, 5, 21) led to color change in composite resins. However, information on the effects of glass and polyethylene fibers on the color stability of composites remained scarce. Further, it remained to be established how fiber incorporation into composite resins would affect the color characteristics of composite restorations.
The purpose of this study was to determine the effects of glass and polyethylene fibers on the color change of composite resins after insertion of the reinforcement fibers as an intermediate layer in the composite resins. After accelerated aging, the effect of these intermediate fiber layers on the color stability of composite resins was also examined. The null hypothesis was that the fibers would improve the color stability of composite resins subjected to accelerated aging. Table 1 lists the details of the composite resins and bonding agent used in this study. Two types of composite resins of shade A2 were used in this study: one anterior (Clearfil Majesty Esthetic, Kuraray Medical, Okayama, Japan) and one posterior (Clearfil Photo Posterior, Kuraray Medical). The bonding agent used in this study was Clearfil SE Bond (Kuraray Medical).
MATERIALS AND METHODS

Materials
Two types of fibers were investigated in this study: glass fibers versus polyethylene fibers. everStick Net (Stick Tech Ltd., Turku, Finland) fibers were glass fibers impregnated with light-curing Bis-GMA and PMMA. Thickness of woven preimpregnated everStick Net reinforcement fibers was 0.06 mm 18) . Ribbond-THM (Ribbond Inc., Seattle, WA, USA) fibers, of 0.18 mm thickness, were bondable reinforced fibers consisting of ultra-high strength polyethylene fibers 22) . Ribbond fibers were not impregnated with resin and must be saturated with an adhesive bonding agent before using 17) . The three experimental groups of this study were: non-fiberreinforced composite (control group), polyethylene fiber (Ribbond)-reinforced composite group, and glass fiber (everStick Net)-reinforced composite group.
For all the curing processes in this study, a light curing unit with a 10-mm tip (Bluephase, Ivoclar Vivadent, Schaan, Liechtenstein) was used. Light intensity of the light curing unit was delivered at 800 mW/cm 2 and monitored using a radiometer (Demetron, Kerr, Orange, CA, USA).
Non-fiber-reinforced composite (control group)
Twelve disks of each composite material (i.e., Clearfil Majesty Esthetic anterior composite resin or Clearfil Photo Posterior composite resin without reinforcement fibers), 2 mm in thickness and 10 mm in diameter, were fabricated using a custom-made Teflon mold. The mold consisted of two Teflon parts clamped together with a metal ring to enable easy removal of the specimens after curing.
The Teflon mold was slightly overfilled with a composite resin, and the filled mold surface was covered with a Mylar film. The Teflon mold was clasped between two glass plates, and finger pressure was applied to extrude excess resin 23) . With the tip of the light curing source in contact with the glass plate, the specimen was cured for 10 s. The thin glass plate was then removed so that the tip of the light curing source could be closer to the specimen 24) . With the Mylar film still covering the specimen surface, the specimen was cured for another 30 s.
everStick Net-reinforced composite group
To prepare everStick Net-reinforced composite specimens, another custom-made Teflon mold (1 mm height, 10 mm diameter) was inserted into a 2-mm-thick mold. After packing a 1-mm-thick layer of composite resin, the custom-made 1-mm-high Teflon mold was removed. everStick Net fiber (6 mm length, 4 mm width) was cut and placed at the middle of the first 1-mm-thick layer of the composite. After the mold was slightly overfilled with more composite resin, it was clamped between two glass plates to extrude excess resin. The composite was cured for 40 s using the same light curing unit.
Ribbond-reinforced composite group
Unlike everStick Net glass fibers, Ribbond polyethylene fibers were not impregnated with a resin. Cut into strips of 6 mm length and 4 mm width like everStick Net, Ribbond fibers were impregnated with a bonding agent (Clearfil SE Bond) in a small plastic cup. Without curing the bonding agent, Ribbond fiber was placed at the middle of the first 1-mm-thick layer of composite resin in the same manner as everStick Net group.
After the mold was slightly overfilled with more composite resin, it was clamped between two glass plates to extrude excess resin. The Ribbond-reinforced composite specimen was cured for 40 s using the same light curing unit. 
Color measurement
After a total 40-s composite resin polymerization for all specimens, one surface of each specimen was sequentially polished for 10 s using coarse-, medium-, and fine-grain rubberized silicon carbide points at 10,000 rpm speed with a micromotor under a water spray. Polishing of all specimens in this study was done by the same operator. After polishing, the specimens were cleaned for 15 min in an ultrasonic cleaner (B02-UC-B(H), E-Chrom Tech Co., Ltd., Taiwan). Specimens were stored in dark boxes until color measurement. The CIELAB (Commission Internationale de l′Eclairage Lab) color order system was used to quantify specimens' colors in this study. The color of each specimen was expressed in terms of three coordinate values (L*, a*, b*) in a three-dimensional color space. L* defined lightness, a* denoted the red-green value and b* the yellow-blue value 23, 25) . For each specimen, two color measurements 2, 19) were made against a white background with a colorimeter (ColorEye XTH, X-Rite, CH-8105 Regensdorf, Switzerland This formula was used twice in this study. First, it was used to determine the color differences between control group and fiber-reinforced composite groups at baseline measurement. Next, it was used to determine the color changes of all experimental groups after accelerated aging.
To relate the quantity of color change (∆E) recorded by the colorimeter to a clinical environment, color change data were converted to National Bureau of Standards (NBS) units as follows: NBS unit=0.92×∆E 26, 27) . The defined critical remarks of color change according to the quantified NBS units are given in Table 2 .
Accelerated aging
After baseline color measurement, all specimens were aged for 150 kJ/m 2 according to accelerated aging conditions previously described 3, 28, 29) . With an accelerated aging chamber (Ci35 Weather-Ometer, Atlas Electric Devices, Chicago, IL, USA), specimens were exposed to a controlled-irradiance xenon arc filtered through borate borosilicate glass at 0.55 W/m 2 . Other test conditions included black panel temperature of 70°C (light) and 38°C (dark), relative humidity of 50% (light) and 95% (dark), and dry bulb temperature of 47°C (light) and 38°C (dark). Test cycle was 40 min light only, 20 min light plus front water spray, 60 min light only, and 60 min dark plus front water spray for a total of 300 h (Fig. 1) .
Statistical analysis
Color difference data were subjected to one-way analysis of variance (ANOVA) and Tukey's HSD post-hoc test at a significance level of 0.05. Table 3 shows the means and standard deviations of L, a, b, ∆L, ∆a, ∆b, ∆E, and P values of the anterior composites and the differences between the experimental groups. Before accelerated aging, there were no significant differences in L and a parameters among the three experimental groups (p>0.05). There were also no significant differences in b parameter between the control group and everStick group or Ribbond group (p>0.05). However, the difference in b parameter between the fiber groups was statistically significant (p<0.05). Table 4 shows the means and standard deviations of L, a, b, ∆L, ∆a, ∆b, ∆E, and P values of the posterior composites and the differences between the experimental groups. Before aging, there were no significant differences in L parameter among the three experimental groups (p>0.05). There were also no significant differences in a parameter between the control group and both fiber-reinforced posterior composite groups (p>0.05). However, the difference in a parameter between the fiber groups was significant (p<0.05). There was also a significant reduction in b parameter in the Ribbond group when compared to the control group (p<0.05). Table 5 shows the color differences between the fiber-reinforced groups and their respective control groups before aging. As expressed by the NBS units, the anterior composite material reinforced with everStick Net fiber showed trace color change while the other fiberreinforced composite groups showed slight color change.
RESULTS
Effect of fibers on the color characteristics of composites without accelerated aging
Effect of accelerated aging on the color stability of composites
After accelerated aging, all the control and fiberreinforced groups of Majesty Esthetic and Photo Posterior composites had negative ∆L values (Table 3 and 4), indicating that the specimens became darker in appearance 21) . For the Majestic Esthetic anterior composite (Table 3) , ANOVA revealed that there were significant differences in the ∆L value among the three experimental groups (p=0.05). Tukey's HSD test indicated that the Ribbond-reinforced anterior composite became significantly darker in appearance than the control group (p<0.05).
All the three experimental groups of each composite had positive ∆a values after accelerated aging, indicating that the specimens became more red and less green in appearance 10) . For the Photo Posterior composite (Table 4) , there were significant differences in the ∆a (Table  3) , there were significant differences in the ∆b value among the control and fiber-reinforced groups after aging. The anterior composite reinforced by everStick had a negative ∆b value, indicating that this group became more blue and less yellow in appearance 30) . On the other hand, Ribbond-reinforced anterior and posterior composites became more yellow in appearance than their respective control groups.
After accelerated aging, all groups (Tables 3 and  4) showed noticeable color change clinically (p<0.05). The largest total color change (∆E=2.8) was observed in Ribbond-reinforced Photo Posterior composite and the least (∆E=2) in everStick-reinforced Majesty Esthetic anterior composite. However, there were no significant differences in total color change between the control group and fiber-reinforced groups for both anterior and posterior composites (p>0.05).
DISCUSSION
Effect of fibers on the color change of composites
In this study, incorporation of fiber materials in composite resins changed their colors in the range of 0.32-1.03 ∆E units (Table 5 ). These color differences were considered clinically slight (∆E<1.5). Reinforcement with glass or polyethylene fibers did not significantly change the L, a, b color parameters of composite materials. These findings were different from a previous study 23) which found significant color change (∆E=5.29) between non-FRC and FRCs with an increase in chroma component and a reduction in lightness. Differences in results between these two studies could be attributed to differences in the color and type of composite materials as well as the type of fibers used. In the previous study 23) , thickness of glass fiber used was 1 mm. In the present study, substantially thinner fibers were used: everStick Net with 0.06 mm thickness and Ribbond-THM with 0.18 mm thickness. Thus, a larger amount of composite resin coated and enveloped the fibers and masked the color of fibers placed in each composite.
It was also found in this study that the types of composite and fiber materials used accounted for the color difference between FRCs and non-FRCs. Polyethylene fiber (Ribbond) placed in anterior composite material resulted in a larger total color change (∆E=1.00) than did glass fiber (everStick Net) in the anterior composite (∆E=0.32) when compared to the control group (non-FRC group).
Effect of accelerated aging on the color stability of composites
The manufacturer of the Weather-Ometer weathering instrument used in the present study estimated that 300 h of aging is equivalent to 1 year of clinical service 25, 28, 32) . Previous studies 20, 32) also reported that resin-based materials showed substantial color changes ranging between 0.62 and 3.40 ∆E units after 300 h of accelerated aging. For these reasons, 300 h of accelerated aging was adopted in this study.
After 300 h of accelerated aging, the FRC and non-FRC groups of both composite materials in this study showed clinically noticeable color changes in the range of 1.5-3 NBS units. Therefore, the null hypothesis that fibers would improve the color stability of composite resins subjected to accelerated aging was rejected. According to CIE color tolerance specification, color changes of 1-2 ∆E units can be perceived by the human eye and those lower than 3.3 ∆E units are clinically acceptable 20, 30, 31) . Therefore, the FRCs and non-FRCs of both composite materials in this study demonstrated clinically acceptable color change after aging (∆E<3.3).
The optical properties of composite resins play an important role in matching the shade of an esthetic restoration with the natural appearance of the adjacent teeth. Light transmittance is a particularly important optical property to be considered for the color of composite resins 33) . Light transmittance of composite resins can be affected by the background color. Studies 29, 34) have shown that the measured colors of composite resins were significantly influenced by the background color. For this reason, a white-colored plate was used as the background in the present study.
After 300 h of aging in this study, all specimens of both resin composites became slightly darker (negative ∆L) and more red (positive ∆a) in appearance. This finding agreed with previous studies 5, 21, 32) in that the investigated resin composites exhibited a darker and more red appearance after accelerated aging. For the b color parameter, all aged specimens had a more yellow appearance (positive ∆b), except for everStick Netreinforced anterior composite which became significantly more blue in appearance.
The chemical composition of composite resinssuch as composition and quality of resin matrix, type and quantity of initiator, inhibitor, and filler-plays an important role in the color change of composite resins 3, 4, 9, 35) . Composite resins containing fillers with a greater filler particle size could be more susceptible to water aging discoloration 8, 23, 36) . In the present study, the posterior composite material -which had a larger filler particle size than the anterior composite-also had larger total color changes than the anterior composite.
Regarding the influence of reinforcement fiber color on the color change of resin composites, information remained scarce.
In the present study, posterior composite reinforced with Ribbond showed the largest total color change while the anterior composite reinforced with everStick showed the lowest. These color change results could be linked to their chemical structures. Glass is an amorphous material consisting of silica tetrahedra bonded together in a random network. This structure is different from that of organic fibers such as polyethylene fibers 16, 18) . Materials with inorganic content reportedly had a lower water sorption rate and lower discoloration incidence 4) . Differences in their chemical structures could be the reason why Ribbond-reinforced composite materials exhibited greater color change than everStickreinforced composite materials.
Therefore, the effects of accelerating aging on the color stability of FRCs and non-FRCs seemed to depend on the types of fiber reinforcement and composite resin. Further studies using different fiber products need to be carried out to better understand the effects of fibers on the color change and color stability of fiber-reinforced composites.
CONCLUSIONS
Within the limitations of this study, the following conclusions were drawn:
1. Fiber reinforcement led to color change in both anterior and posterior resin composites, but the color changes were below the visual perceptibility threshold. 2. Polyethylene fibers resulted in a greater color change than glass fibers after incorporation into the composite resins. 3. After 300 h of accelerated aging, non-FRC and FRC specimens of both composite materials showed noticeable color changes and all specimens became slightly darker. 4. Both the types of fiber reinforcement and composite resin influenced the color changes of FRCs after accelerated aging. Ribbond-reinforced posterior composite showed the largest total color change (∆E=2.8), while everStick Net-reinforced anterior composite showed the lowest total color change (∆E=2).
